Fast-response Pressure Sensitive Paint (PSP) measurements were performed on hemispherical models at transonic flow speeds. Both Proper Orthogonal Decomposition (POD) and Dynamic Mode Decomposition (DMD) were used to analyze the spatially and temporally resolved data. POD was used to isolate the dominant behavior in the data and isolate the dominant frequencies by looking at the temporal coefficient spectra. DMD was then used to further investigate specific frequencies. At St = 0.15-0.2, previously investigated "wake breathing" and "wake shifting" modes were found. These modes represent large spanwise symmetric and antisymmetric structures, respectively. Further, at St = 1 and St = 2, DMD showed that the wake of the turret was dominated by smaller convecting structures. The DMD modes were used to estimate the convective velocity in the wake, which was found to be relatively constant across various Strouhal Numbers.
I. Introduction
T is desirable to have directed energy and free-space communications systems that can be operated on aircraft. For these systems, hemispherical turrets are often used to maximize field-of-regard. There has been extensive experimental work done to study these hemispherical turrets in the last decade. This work includes characterizing both the aerodynamic [1, 2, 3] and aero-optic [4, 5, 6] performance of the flow around the turrets at subsonic and transonic speeds. In addition to these experimental studies, there have been extensive CFD studies into the flow around hemispherical turrets [7, 8, 9, 10, 11] .
At Mach numbers above 0.55, the flow over a hemisphere becomes locally supersonic, and an unsteady shock forms near the hemisphere surface close to the turret apex and the shock is found to oscillate within a few degrees of the apex [12] . Because of the large density gradients associated with the shock it causes an increased amount of optical distortions for side-looking angles. This problem could be overcome with adaptive optics; however, to correct for the shock-related aero-optical distortions, the instantaneous shock location and strength must be known. To predict these shock properties, the flow dynamics must be better understood. Optical and pressure measurements in both flight and tunnel tests indicate that there is a coupling between the shock and wake motion [13, 14, 15, 16, 17] .
One way to study the shock-wake coupling is to analyze the spatio-temporal pressure field on the surface of and around the turret using fast-response Pressure Sensitive Paint (PSP). PSP measurements are based on oxygen-sensing molecules known as luminophore, which fluoresce when exposed to ultraviolet light [8, 9] . Before the luminophore is added to the model surface, a permeable paint binder is applied, which allows oxygen diffusion. Oxygen quenches the luminescence of the paint, so as the air pressure increases, the oxygen concentration increases, which reduces the light emission. Therefore, the paint gets brighter as pressure decreases.
The pressure field on the surface of the turret has been extensively studied in the past and the experiment presented in this paper is a follow up on previous work using PSP [3, 18] . The surface pressure field on the turret carries both the signature of the turbulent structures in the turret's vicinity and any global pressure modes over the turret. Both the global pressure modes and the turbulent structures have been shown to affect the optical performance of the turret American Institute of Aeronautics and Astronautics [4, 5, 6] . Further, the unsteady loading on the turret is directly a function of the unsteady pressure field. The unsteady loading introduces undesired aero-mechanical beam jitter and might affect turret design. Thus, by understanding the pressure field over the turret, a better understanding of the flow features that are relevant to the optical performance can be attained and the design of optical turrets can be improved.
The goal of this paper is to examine the dominant flow features over a hemispherical turret through their surface pressure signature. To isolate the spatial and temporal characters of these modes, several types of modal decompositions will be used. Proper Orthogonal Decomposition (POD) [19, 20, 21] will be used to extract and study the most dominant spatial modes. POD naturally generates a set of basis vectors that maximizes the amount of energy per mode and thus is useful for locating where most of the "energy" in the flow is located. It is also useful for filtering out high spatial frequency modes [3] , which are usually noisy. Dynamic Mode Decomposition (DMD) [22, 23, 24] , on the other hand, decomposes the flow into a series of periodic modes at given frequencies. If the flow has dominant frequencies, it is useful to determine the dynamic character of the flow at these specific known frequencies. Both techniques will be used in a complimentary fashion in this paper. POD will be used to filter the data, determine the most energetic flow features and some of the dominant frequencies. DMD will then be used to further investigate flow topology and dynamics at those specific frequencies.
A companion paper [26] uses the same experimental data to study conditional wake response to different pressure fields on the hemisphere itself to better understand the wake dynamics at high subsonic and transonic speeds.
II. Experimental Setup
This experiment was performed in the Whitefield wind tunnel facility at the University of Notre Dame. This is a 3'x3'wind tunnel facility that is capable of up to M = 0.6 flow. A contraction was placed in the facility to increase the maximum freestream Mach number up to M = 0.7. Two different models were studied in this experiment, shown in Figure 1 , diameter D = 10" hemisphere and D = 8" hemisphere. A schematic and picture of the setup are shown in Figure 2 . A fast response, at least up to 10 kHz, Polymer-ceramic/PtTFPPF PSP formulation, manufactured by ISSI Inc., was used to measure the surface pressure field on the turret and in the wake behind the turret. To illuminate PSP, eight UV light sources, emitting in a narrow band about 400 nm, were placed on both sides of the test section. The UV lights were aligned with quartz inserts in the tunnel, Figure 2 , to minimize absorption and reflection of the UV light. The PSP images were taken using three Phantom high speed cameras. The three cameras, Figure 2 , used were a v1611 (Camera 1), a v1610 (Camera 2) and a v711 (Camera 3). Additionally, a set of 10 PSI differential Kulite sensors were placed both on the turret and at several locations in the wake to verify the PSP and perform an in-situ calibration. The maximum Mach number for each configuration varied slightly due to a different blockage by each model. Data were acquired at two different sample rates. The first sampling rate was 3 kHz for total of 32000 frames foe each camera. The second sampling rate was 10 kHz for total of 30000 frames for cameras 1 and 2. Because it was an older model with less sensitivity, for the second sampling tare, camera 3 was run at a lower sample rate of 2.5 kHz when the 10 kHz data was being acquired with the other two cameras. The Kulite data was acquired at 30 kHz. The three cameras were triggered simultaneously and the internal clocks were also synchronized. The Kulites were also triggered simultaneously with the cameras.
III. Data Analysis
Before analysis was done with the PSP videos, the Kulite pressure sensors were used to calibrate the paint. This was done by first extracting a small patch of intensity data, 10 pixel x 10 pixel, near a pressure port at the top of the hemisphere and spatially averaging to reduce noise, then comparing to the temporal pressure output from the Kulite. )The known linear relationship between the instantaneous intensity, I(t) and pressure, P(t), is given by I(t) ����� I = 1 + AP(t) (1) where the overbar indicates a mean, and P is the mean removed fluctuating pressure. The constant, A, was solved for by applying a linear fit to the instantaneous intensity ratio vs instantaneous mean removed pressure. American Institute of Aeronautics and Astronautics paint was found to correctly resolve the unsteady pressure spectrum up to a frequency around 500 Hz, see Figure 3 . Above it, pressure fluctuations were smaller than PSP sensitivity, resulting in a flat noise-dominated part of the spectrum.
Both Proper Orthogonal Decomposition (POD) and Dynamic Mode Decomposition (DMD) were used to analyze the data at different Mach numbers. To compute POD modes and corresponding temporal coefficients, a widelyaccepted algorithm using a Singular Value Decomposition (SVD) was used [23] .
The algorithm used for DMD is outlined in [22, 23, 24, 25] . DMD decomposes the pressure field, P, into spatial modes, φ, eigenvalues, λ, to represent the frequency and exponential decay rate of the modes and amplitudes, c,
Note that the modes, φ, and the amplitudes, c, are complex quantities. This is done by breaking the pressure data set into two data sets, P1 and P2. If the data set has N total frames of pressure from PSP, P1 contains the first N-1 frames and P2 contains the last N-1 frames given by
essentially the two data sets are offset by a single time step. The goal is to find a matrix A such that the second data set is written as a linear combination of the first data set,
(4) This matrix is called the companion matrix. An estimate to it, S is determined by
where r is the residual. A and S are similar in that they share the same eigenvalues. The eigenvectors between the two matrices are related as well.
The actual computation of the DMD modes starts with SVD of the first data set, P1: (8) The DMD modes and eigenvalues can be computed from the eigenvectors and eigenvalues of S by
(9) The frequency and exponential decay rate of the DMD modes can be found in the eigenvalues. The frequency is given by the imaginary part of the eigenvalue and the decay rate is given by the real part,
(10) To find the expression for ck-coefficients in Eq. (2), we can substitute the decomposition of S into the relationship between V1 and V2 above,
Here μY -1 serves the same role as the temporal coefficients, ck, of standard POD decomposition,
IV. Results Figure 4 , left, shows that the difference is mostly that each of the M = 0.65 modes have slightly higher energy in each mode. This means that the that the flow is more ordered across all the modes at M = 0.65. The first two modes are "wake shifting" modes at both M = 0.55 and M = 0.65. This "wake shifting" has an anti-symmetric character on the turret itself, as schematically shown in Figure 7 , and was observed in prior PSP experiments [3, 27] . The "wake shifting" is likely caused by very large structures shed off alternating sides of the turret [27] . This represents as a movement of the separation line on the turret itself. In the wake, this is visible in the first POD mode for both Mach numbers, see Figures 5 and 6, as alternating phase pressure fluctuations moving downstream from the turret sides. At M = 0.65, the "wake shifting" mode correlates with shock movement along the turret sides. The shock induces separation on the turret side, so it's expected to correlate with this bulk motion of the turret wake. The first wake shifting mode is stronger at M = 0.55 than M = 0.65. This is likely due to the second mode being corrupted by camera noise, present as stripes for negative y-locations, see Figure 5 , top right.
A. POD Results
At M = 0.55, modes 3 and 4 represent a "wake breathing" phenomenon [27] , schematically shown in Figure 8 . These two modes are spatially out of phase and contain large wake structures, which combine to form spanwisesymmetric convecting structures in the wake. These modes are characterized by large structures off the turret apex and in the centerline of the wake. The "wake breathing" comes from the wake expanding outward in the wall normal direction while shrinking along the sides. On the turret, it represents as pressure fluctuations along the turret sides that are in-phase and pressure fluctuations along the downstream centerline that are out of phase with the turret sides [3] . In the wake, this "wake breathing" represents as large-scale structures in the wake with alternating phase along the downstream direction. At M = 0.65, the "wake breathing" mode also correlates with upstream and downstream motion of the shock over the top of the turret. Modes 3 and 4 at M = 0.55 represent convecting structures in the wake. Mode 4 is also correlated, although weakly, with the necklace vortex, located just upstream of the turret. Figure 9 . The "wake shifting" mode at M = 0.55 has a peak around St = 0.15. This is close to the St = 0.15 peak that was observed for the first POD mode on a full hemisphere-on-cylinder turret [3, 27] . The peak is closer to St = 0.19 at M = 0.65. The "wake breathing" mode for both Mach numbers has more energy in the lower frequencies than the "wake shifting" mode for both Mach numbers. It has a peak at St = 0.13-0.15 for both Mach numbers as well. For modes 3 and 4 at M = 0.55 and mode 4 at M = 0.65, there is an increase in modal energy between St = 0.2 and St = 0.7. This increase corresponds to the smaller structure size seen in these modes compared to the first 2-3 modes, respectively. Knowing the dominant frequencies for these modes, DMD will be applied in the next section to investigate them further. Figure 10 . These modes all represent increasingly smaller scale structures in the wake. Each pair of these modes represent convecting structures in the turret wake. Each mode has a spatially out-of-phase pair that allows the combination of the two to represent a convective structure. These structures also correlate with the motion of the shock. Again, this is expected, as the shock induces separation and thus should correlate with the structures shed off the turret. These modes also correlate slightly with the necklace vortex located upstream of the turret. The modal spectra, shown in Figure 11 , show similar trends as those for the first 4 modes. All the modes capture finer motion of the shock and have peak at St = 0.18-0.2. They all have increased higher frequency content that corresponds to the smaller structure size relative to the first 4 modes. The spectral tail shows more aliasing as the mode number increases, further evidence of increasing higher frequency spectral content. Though not shown, even higher order modes represent smaller and smaller convecting structures in the wake. Because the first 8 modes predominantly feature wake structures and the signature of the "wake shifting" and "wake breathing" effects on the turret, the wake modes are the most energetic feature of the surface pressure field around and just downstream of the turret. To demonstrate the effectiveness of POD technique to identify various noise sources in the data, Figure 12 shows the modal shape and spectra for mode 13, at M = 0.65. This mode contains very high spatial frequency variations in De Lucca, Gordeyev, Morrida, Jumper, and Wittich AIAA-2018-0932 10 American Institute of Aeronautics and Astronautics only one half of the flow field, for negative y-locations. This variation is likely due to camera noise, as flow features are highly unlikely to be this ordered or regular; also, these features are not present for positive y-locations. The spectrum of this mode shows a very sharp peak at St = 3.9, corresponding to f = 4415 Hz. In additional to these ordered spatial features, mode 13 also includes some of the physical flow features. This shows one of the limitations of the POD technique: noise can be coupled into relevant modes and inhibit analysis of the data. As will be shown in the next section, DMD can be useful to isolate single-frequency noise.
Overall, POD is a useful technique for isolating the dominant features in a set of a data. In this case, it shows the most energetic surface pressure modes of the flow field over the turret. By investigating the spectral content of the POD temporal coefficients, dominant frequencies can be determined for these most energetic features as well. Because the modes are orthogonal, it might be useful for constructing a low order model of the flow features. However, POD isn't necessarily useful for removing just noise content. The noise can be coupled with physically-relevant modes and interfere with the analysis or low-order reconstruction. POD works well as a companion technique to DMD in that it can show what is most important in the flow and give the relevant frequencies to investigate using DMD. Figure 13 shows the energies of the DMD modes, |ck| 2 , from Eq. (2). The modal amplitudes give an energy spectrum for the pressure fluctuations as a function of frequency. There are a couple important frequency regions to investigate using the DMD. First, the separation line movement on the turret and the shock motion have been shown to have a spectral peak around the St = fD/U∞ = 0.15-0.3 range [3, 6] . Second, smaller turbulent structures near the turret base have been observed near St = 1 [27] . This higher frequency range was also associated with the most optically-aberrating structures in the turret wake [13] . Applying DMD technique, we also observed a local increase in the DMD modal energies at St = 0.15-0.2, which is close to the expected motion of the separation line and the shock movement peak at St = 0.15, see Figure 13 . This is the same frequency range that the wake "shifting" and "breathing" modes were observed in the POD analysis. Comparing DMD spectra both Mach numbers, the lower frequency modes, St < 1.5, are more energetic at M = 0.65 than M = 0.55. This is due to the fact that pressure fluctuations overall are larger at M = 0.65 due to the higher speed. American Institute of Aeronautics and Astronautics Figure 14 , top, the real and imaginary parts of the modes feature strong mostly spanwise-uniform structures across the entire wake. It implies that at this frequency, these large wake structures are strongly correlated with the shock over the top of the turret. Examination of the DMD structure on top of the turret revealed a predominantly upstream motion of the shock; this dynamic behavior was observed and optically studied in [5] at similar transonic speeds. In contrast, at M = 0.55, Figure 14 , bottom, the shock is absent on the turret. The large structures in the wake at this Mach number, appear to be less-spanwise organized, but still occupy the entire wake region. This indicates that the wake motion is of a global, large-scale nature. Also, this indicated that the shock at transonic speeds is correlated with the global wake motion on the hemisphere at this frequency and the presence of the shock forces the structures in the wake to be more organized. American Institute of Aeronautics and Astronautics Figure 15 , top. In [3, 27] this Strouhal number was associated with small turbulent convecting structures being shed off the turret into the wake. Similar small-scale convecting features are present in the DMD mode at M = 0.65 on the hemispherical turret. Unlike the large-scale structures for St = 0.15, shown in Figure 14 , these structures are primarily present in the separated shear-like region along the boundary of the separation region, as well as in the center of the wake region. Interestingly, the necklace vortex in front of the hemisphere also exhibits movement at this Strouhal number, as evidenced by the varying phase of the pressure fluctuations just upstream of the turret. Notably at M = 0.65, there are small local movements of the shock at these frequencies too. For M = 0.55, Figure 15 , bottom, very similar structures are observed in the wake. These structures appear to be more organized, compared to M = 0.65, and primarily reside in the separation interface. There is also some necklace vortex movement at this Mach number as well, however, there isn't much evidence of any separation line movement being tied to these structures in the modes.
B. DMD Results
The DMD pressure modes at St = 2 for M = 0.65 and M = 0.55, Figure 16 , top and bottom respectively, display similar behaviors to those at St = 1. At this frequency, the convecting structures are located primarily in the sheardominated region between the downstream-moving flow and the recirculation region immediately downstream of the hemisphere. This suggests that these surface pressure structures are related to the vortical shear-layer structures, formed when the flow separates off the turret. It is consistent with the findings that aero-optical distortions in the wake, thought to be primarily due to shear-layer structures, are dominant at this Strouhal number [13] . Additionally, at this Strouhal number, there are no shock-related motions present. Assuming that these small structures are inside the interface region between the upcoming flow and the recirculating region downstream of the hemisphere, the recirculation region appears to be smaller for M = 0.55, see Figure 16 , bottom, than for M = 0.65, see Figure 16 , top; similar conclusions were made using the oil-based surface flow visualization studies around the hemisphere [15] . The higher order modes also show a weakness of DMD: local shot noise begins to corrupt the modes. POD, on the other hand, pushes this higher frequency, uncorrelated noise to the highest order modes. DMD can be used to isolate the single frequency camera-noise-related observed previously using the POD. By looking at the mode closest to the f = 43415 Hz peak seen previously in Figure 12 , right, the camera noise can be better isolated. This single mode, presented in Figure 17 , shows a very similar character to the POD mode, shown in Figure 12 , but the structure size of the flow structures is much smaller in the DMD mode compared the POD mode. That is because the DMD mode structures as sized based on the frequency, not the energy content. If a reconstruction was performed using the DMD modes, eliminating this single mode would be equivalent to notch filtering the data at this frequency. Because of the smaller structure size, less energy would be removed from the actual flow reconstruction than if filtering would be done using POD. American Institute of Aeronautics and Astronautics Figure 17 : DMD Mode that contain noise from digital camera.
Convective Speed Estimates
As each DMD mode corresponds to the time-periodic pressure field, ( ) ( ) Here dx is the location of the peak of the cross-correlation between two generated frames, and dt is the time delay between the two generated frames. The time delay between two phases of a given mode is a function of the modal frequency, f and the prescribed phase delay, Δφ, where one full cycle at the frequency is equivalent to 2π of phase. Thus, by determining the peak location of the cross-correlation function between two frames with a prescribed phase delay and modal frequency, the convective velocity of a mode in a given region can be determined. To improve the accuracy of the peak, the average correlation across various phase delays is computed. The average correlation function for St = 1 at M = 0.65 is shown in Figure 19 .
The convective speeds as a function of Strouhal number for both incoming Mach numbers is shown in Figure 20 . In the wake, the smaller structures are convecting at 60% of the freestream velocity at M = 0.65. At M = 0.55, the convective velocity in the wake is found to be moving slightly slower, at about 50% of freestream velocity. The exact reason for this difference isn't obvious from this analysis, but it warrants future investigation. For both Mach numbers, this occurs across the range of Strouhal numbers from 0.5 ≤ St ≤ 2, meaning that both wakes exhibit similar behavior. American Institute of Aeronautics and Astronautics 
V. Conclusions
The unsteady surface pressure field over hemispherical turrets was measured using a fast response Polymerceramic/PtTFPPF PSP formulation. Three high speed cameras were used to capture the pressure field at up to 10 kHz. Data were acquired at various Mach numbers to analyze both the subsonic and transonic flow regimes. Though only data for an 8" hemisphere is presented in this paper, data were also acquired for a 10" hemisphere. Unsteady pressure sensors were used to perform in-situ calibration of PSP.
The POD modes of the surface pressure data were computed at M = 0.55 and M = 0.65. Both Mach numbers showed two main wake modes that have been previously proposed [27] , a wake "breathing" mode and a wake "shifting" mode. The wake "shifting" mode was dominant for both Mach numbers, but it was represented as a single mode at M = 0.55 and two modes at M = 0.65. The wake "breathing" mode was the second most energetic feature for both Mach numbers. These two dominant wake modes were influenced by the shock over the top of the turret at M = 0.65. The higher order modes represented increasingly small convecting structures in the turret wake. Due to the nature of POD selecting the most energetic features, camera noise corrupted physical modes.
DMD modes were also computed using the surface pressure fields. By analyzing the POD mode temporal coefficient spectra, it is possible to determine the frequencies to investigate using DMD. The lower frequency DMD modes were found to be slow-changing global pressure modes such as the wake "shifting" mode that peaks at St = 0.15-0.2. The "breathing" mode does not have dominant single frequency, so it is not straightforward to isolate it using DMD. The higher frequency DMD modes represent the small, primarily convecting structures in the wake. Knowing the exact frequency of the camera noise, it was also possible to isolate it more effectively using DMD.
The DMD modes were also used to compute the convective velocity in the turret wake. Each mode was correlated with itself at a set phase shift. The average correlation over several phase shifts was computed and the peak in the correlation was used to compute the convective velocity at a given Strouhal number. The structures in the wake was shown to have a relatively constant convective velocity for St > 0.5, with the wake structures moving slightly faster at M = 0.65, relative to the incoming freestream velocity.
